The heat shock (HS) response is an adaptation of organisms to elevated temperature. It includes substantial changes in the composition of cellular membranes, proteins and soluble carbohydrates. To protect the cellular macromolecules, thermophilic organisms have evolved mechanisms of persistent thermotolerance. Many of those mechanisms are common for thermotolerance and the HS response. However, it remains unknown whether thermophilic species respond to HS by further elevating concentrations of protective components. We investigated the composition of the soluble cytosol carbohydrates and membrane lipids of the thermophilic fungi Rhizomucor tauricus and Myceliophthora thermophilaat optimum temperature conditions (41-43 С), and under HS (51-53 С). At optimum temperatures, the membrane lipid composition was characterized by a high proportion of phosphatidic acids (PA) (20-35 % of the total), which were the main components of the membrane lipids, together with phosphatidylcholines (PC), phosphatidylethanolamines (PE) and sterols (St). In response to HS, the proportion of PA and St increased, and the amount of PC and PE decreased. No decrease in the degree of fatty acid desaturation in the major phospholipids under HS was detected. The mycelium of all fungi at optimum temperatures contained high levels of trehalose (8-10 %, w/w; 60-95 % of the total carbohydrates), which is a hallmark of thermophilia. In contrast to mesophilic fungi, heat exposure decreased the trehalose level and the fungi did not acquire thermotolerance to lethal HS, indicating that trehalose plays a key role in this process. This pattern of changes appears to be conserved in the studied filamentous thermophilic fungi.
INTRODUCTION
All biological systems operate in more or less narrow temperature ranges specific for particular species. Changes in temperature out of the optimal range may result in abnormalities of virtually all biological processes. However, as temperatures of the environment fluctuate substantially, living systems have evolved various mechanisms of protection from low and high temperatures. In particular, heat exposure produces a heat shock (HS) response in many prokaryotic and eukaryotic species. The main components of the HS response are changes in membrane lipid composition (Vigh et al., 2005; Kim et al., 2006; Balogh et al., 2013) , content and composition of soluble carbohydrates (Crowe, 2007; Iturriaga et al., 2009 ) and a protein response mediated by HS proteins (HSP) (Richter et al., 2010) .
Some species have evolved an ability to resist constantly elevated temperatures. These species, known as thermophiles, have acquired the ability to colonize new environmental hyperthermic niches (Magan, 2007) . The main components of the thermophilic adaptation are shared with the HS response, indicating that the evolution of thermophilia primarily used pre-existing molecular blocks. However, little is known about the HS response of thermophilic species. In principle, in hyperthermic niches, the temperature can vary, reaching low and high extremes. Did thermophilic species evolve their own HS response? Are they able to further enhance heat protection mechanisms when exposed to extreme heat? To answer these and related questions, we studied the HS response of thermophilic fungi. Thermophilic fungi are a convenient model for the investigation of thermophilia in eukaryotes. Research in this field has been focused on: (i) study of the features of thermophilic fungi compared to mesophilic fungi, (ii) investigation of thermophilia as an adaptation of mesophilic fungi to HS, and (iii) study of the response to heat impact in thermophilic fungi.
Comparisons of thermophilic and mesophilic fungi revealed that thermophilic fungi synthesize more saturated lipids than do mesophiles and psychrophiles (Meyer & Bloch, 1963; Mumma et al., 1970) . In the thermophilic fungus Humicola grisea var. termoidea, an extremely high amount of phosphatidic acids (PA) in the composition of phospholipids was detected, suggesting an important role of these compounds in thermophilia (Mumma et al., 1971) .
Research on acquired thermophilia as an adaptation of mesophilic fungi to HS revealed that at least some of the mechanisms used by thermophiles for resistance to elevated temperatures are the same as those used by mesophilic fungi in the HS response (Sadovova et al., 1991a, b) . For example, mesophilic fungi increase the amount of trehalose up to 6-8 % of dry weight under HS conditions (Tereshina et al., 2011) , which is similar to the values in the thermophilic fungus Myceliophthora thermophila (up to 3.5 %) in the exponential growth phase under optimum temperature conditions (Sadovova et al., 1991b) . Moreover, in mesophilic fungi, the activation of the defence system under HS, including the synthesis of HSP, accumulation of trehalose, change of the state of water in the cell compartments, and membrane composition (Piper, 1993) , results in the emergence of new properties -acquired thermotolerance to the lethal HS.
Studies of the HS response in thermophilic fungi are sporadic and the results are contradictory. Thus, the study of acquired thermotolerance in a thermophilic fungus Thermomyces lanuginosus was conducted not with mycelium but with germinating conidia (4 h) (Trent et al., 1994) . The authors concluded that this fungus acquired thermotolerance in response to HS; however, the trehalose content was not determined. A comparative study of the response to HS in closely related mesophilic and thermophilic fungi, Chaetomium brasiliense and Chaetomium thermophile var. thermophile, respectively, determined that the fatty acids of the thermophilic fungus were more saturated compared to the mesophilic fungus (Oberson et al., 1999) . The authors also found that while under optimal conditions, both fungi synthesized comparable amounts of trehalose, and in response to HS both fungi increased the amount of trehalose, the thermophilic fungus produced less trehalose than the mesophile. These data led the authors to the conclusion that there was no direct relationship between trehalose and thermophilia. However, an analysis of the fatty acid composition of the total lipids is insufficient for understanding the changes in membrane lipids in response to HS. Importantly, study of the HS response should be carried out in comparison with a control under optimal growth conditions, rather than with other fungi. Moreover, the temperature characteristics of fungal growth are unclear. Therefore, we cannot be sure that growth conditions in these experiments corresponded to the optimal growth temperature and HS.
Recently, we have shown for the first time an increase in the proportions of PA and sterols (St), but a decrease in phosphatidylethanolamines (PE) and phosphatidylcholines (PC), in response to HS in the thermophilic fungus Rhizomucor miehei. However, the degree of unsaturation of the fatty acids in the phospholipids did not decrease. We detected a high level of trehalose in the cells of fungi during growth under optimum temperature, but in response to HS, there was a sharp reduction in the amount of this disaccharide (Yanutsevich et al., 2014) . These results are contradictory to other observations (Oberson et al., 1999; Maheshwari et al., 2000) ; however, they were from only one species of fungi. To understand whether these changes in response to HS are conserved among different species of thermophilic fungi, we have studied two other species of thermophilic fungi. One of them, Rhizomucor tauricus, is closely related to R. miehei; another is the ascomycete M. thermophila. The purpose of the present study was to investigate the composition of the membrane lipids and fatty acids, and of the cytosol soluble carbohydrates, under HS in these two species.
METHODS
Micro-organisms, media and cultivation. The study was carried out with the thermophilic filamentous fungi R. tauricus (Milko and Schkur.) Schipper 1978 VKM-F-1379 and M. thermophila (Apinis) Oorschot 1977 (Winogradsky Institute of Microbiology of Russian Academy of Sciences collection), which were grown on wort agar for 5-6 days at 41-43 С. A spore suspension added to the medium to a final concentration of 5 Â 10 5 -10 6 spores ml À1 was used as the inoculum (counted in a Goryaev's chamber). The fungi were grown in submerged culture in 250 ml flasks with 50 ml Goodwin medium (Garton et al., 1951) on an electromagnetic shaker at 150 r.p.m. at the optimum temperature (41-43 С) (control variant) for 22-24 h (the trophophase). To study the HS effect, the cultivation temperature was increased, under the same aeration conditions, to 51-53 С and the cultivation was continued for 1 and 3 h (variants HS1 and HS3). The control variants were incubated for the same time under optimum temperature conditions (variants C1 and C3).
To investigate the temperature characteristics of fungal growth, we used superficial 1 day cultures of fungi grown on wort agar at 41-43 C as the inoculum. First, 10 mm diameter circles of the surface culture were placed in the center of Petri dishes with wort agar 7 B and grown in the incubator for 24 h at various temperatures ranging from 20 to 55 C. To determine the linear growth phase, we measured the diameter of the colonies in two mutually perpendicular directions. To determine the lethal HS parameters, 4 ml of a trophophase submerged culture of all variants (C1, HS1, C3 and HS3) was placed in a test tube and heated to 55, 57, 60, 63, 66, 69 and 72 C for 20 min, and then immediately seeded on Petri dishes with wort agar at a temperature of 41-43
C. The dishes with fungi after the HS treatment were incubated at 42-43 C for 2 days and then the viability was assessed by the presence of fungal growth. The pictures of fungal colonies were taken using an Axio Imader D1 microscope (Carl Zeiss).
Lipid analysis. The fungal biomass was separated from the liquid medium using a nylon filter, washed with distilled water, heated to the respective temperature and detected gravimetrically. For lipid analysis, the weighted portion of the biomass was immediately homogenized in 2-propanol by pestle and mortar, and incubated at 70 С for 30 min. Thereupon, the lipids were extracted using the method described by Nichols (1963) with a few changes, which involved extraction with 2-propanol and a 2-propanol/chloroform mixture (1 : 1 and 1 : 2) at 70 С, evaporation in a rotary evaporator, and extraction of the residue with chloroform/methanol (1 : 1) supplemented with 5 % sodium chloride solution and water to remove water-soluble substances. After separating the mixture by allowing it to stand overnight or by centrifugation, the chloroform layer was dried by passing it through water-free sodium sulfate, evaporated and desiccated with a vacuum pump. The resulting pellet was dissolved in a small amount of chloroform/methanol (1 : 1, v/ v) and stored at -21 С. The composition of neutral lipids was assessed using ascending TLC on glass plates with silica gel 60 (Merck). To separate neutral lipids, the hexane : diethyl ether : acetic acid (85 : 15 : 1, by vol.) system (Kates, 1972) was used. Phospholipids and glycolipids were separated with the systems (Benning et al., 1995) for two-dimensional TLC. The lipids (100-200 µg) were applied to a plate. To develop the stains, the chromatograms were sprayed with 5 % sulfuric acid in ethanol, with subsequent heating to 180 С. Phospholipids were identified using individual markers and qualitative tests for amino groups (with ninhydrin), choline-containing phospholipids (with the Dragendorff reagent) and glycolipids (with a-naphthol). Neutral lipids were identified with individual markers for mono-, di-and triglycerides, St (ergosterol), free fatty acids and hydrocarbons (Sigma). Sphingolipids (SL) were detected in the glycolipid fraction by the saponification method (Kates, 1972) . Quantitative densitometric analysis of the lipids was performed using the Dens software package (Lenkhrom) in the linear approximation regime using the calibration curves constructed with the standard solutions. Lipid quantities were determined using the following standards: phosphatidylcholine (Sigma) for phospholipids, a glycoceramide mixture (Larodan) for SL, and ergosterol (Sigma) for St. To determine the fatty acid composition of the phospholipids, the main phospholipids were isolated by TLC. After methanolysis (2.5 % H 2 SO 4 in methanol, 2 h at 80 С), the fatty acid methyl ethers were determined using a Kristall 5000.1 gas chromatograph (Chromatek) on an Optima-240 0.25 µ, 60 m, 0.25 mm capillary column (Macherey-Nagel). During the chromatography, the temperature was gradually increased from 130 to 240 С. Fatty acids were identified using the Supelco 37 Component FAME mix (mixture of fatty acid methyl esters). The degree of unsaturation was calculated by the equation: D/mole = 1.0 Â (% monoene)/100 + 2.0 Â (% dienes)/100 + 3.0 Â (% trienes)/100 (Weete, 1974) .
Carbohydrate analysis. To determine the soluble carbohydrate composition of the mycelium, sugars were extracted with boiling water for 20 min; the extraction was performed in four steps. Proteins were removed from the resulting extract (Somogyi, 1945) . The carbohydrate extract was further purified from charged compounds using a combined column with the Dowex-1 (acetate form) and Dowex 50 W (H + ) ion exchange resins. Carbohydrate composition was determined by GLC using trimethylsilyl sugar derivatives obtained from the lyophilized extract (Brobst, 1972) . The internal standard was a-methyl-D-mannoside (Merck). Chromatography was carried out on a Kristall 5000.1 gas chromatograph (Chromatek) with a ZB-5 30 m, 0.32 mm, 0.25 µ capillary column (Phenomenex). The temperature was increased from 130 to 270 C at a rate of 5-6 C min -1
. Glucose, mannitol, arabitol, inositol and trehalose (Sigma) were used as standards. The experiments for each micro-organism were repeated three times. The error bars represent the 95 % confidence interval.
RESULTS

Influence of thermal effects on fungal growth
A study of the temperature characteristics of growth on solid medium revealed that for all the fungi, the growth boundaries were 28-55 C with a broad optimum at 40-45 C. Importantly, no growth at 20 C was observed, indicating that the fungi were true thermophiles. On the basis of these data, the temperature conditions for the experiment were defined as follows: an optimum temperature of 41-43 C for the growth of the control variants and 51-53 C for the samples under HS conditions (the point of growth arrest).
To investigate whether the established HS conditions are stressful for the fungal cultures, we compared the morphology of the fungi under optimal and HS conditions. In submerged culture under optimum conditions (C1 variant), the fungus R. tauricus grew as pellets 1-2 mm in diameter with a wide loose edge consisting of unbranched hyphae. After 1 h of exposure to HS (HS1 variant), no visible morphological changes were observed. After 3 h of HS (HS3 variant), the colonies became denser with a narrow margin of loose mycelium (Fig. 1a, b) , indicating an inhibition of the growth processes. While the fungus M. thermophila grew under optimal conditions as a fluffy mycelium, under HS we observed an inhibition of apical growth and intensification of hyphal branching (Fig. 1c, d ). This indicates that these HS conditions inhibit the growth of the cultures and can therefore be used as an HS model. Transient HS preconditioning induces an acquired thermotolerance in mesophilic fungi (De Virgilio et al., 1994) . Whether a 1 or 3 h HS exposure leads to the acquired thermotolerance in thermophilic fungi remains unknown. To address this question, we subjected control (C1 and C3) and HS preconditioned variants (HS1 and HS3) to a heat treatment. To do that, the trophophase submerged cultures of both fungi were heated for 20 min at different temperatures. No difference in thermotolerance between C1 and HS1 of both preconditioned fungi was found (Table 1) . However, HS3 variants of both fungi exhibited significantly lower thermotolerance than C3. These data indicated that the phenomenon of acquired thermotolerance, characteristic for mesophilic fungi, does not take place in the thermophilic fungi.
Fungal membrane lipids under optimum temperature conditions and HS
Total lipid quantities at optimum temperature conditions differed markedly. The mycelium of M. thermophila contained 5-6 % (w/w) lipids, while in R. tauricus their content varied from 8 to 10 % (w/w). After 1-3 h of HS there were no significant changes in the lipid amounts in either fungi.
Phospholipids and St predominated in the composition of mycelial membrane lipids of both R. tauricus and M. thermophila under optimum temperature conditions, whereas SL were the minor compounds. In R. tauricus, the primary phospholipids, apart from PE and PC, were PA. The minor components included cardiolipins (CL), phosphatidylserines (PS), lysophosphatidylethanolamines (LPE) and phosphatidylinositols (PI) (Fig. 2) . The investigation of the membrane lipids of R. tauricus grown in submerged culture under optimal temperature conditions revealed a decrease in the proportion of PE and PC in the mycelium, accompanied by an increase in the level of St (Fig. 2a) . Meanwhile, the percentage of PA was maintained at a high level (25-29 % of the total membrane lipids). Moreover, the quantity of biomass significantly increased from 0.53 ± 0.05 g l À1 in the final stage of germination of conidia (8 h) to 4.20 ± 0.29 g l À1 at the idiophase stage. Next, we investigated whether the HS conditions affected the lipid composition of fungal membranes in submerged culture of R. tauricus. After 1 h of HS, the proportions of PE and PC in the membrane lipid fraction decreased, while the percentage of PA increased. HS for 3 h (compare C3 and HS3 variants in Fig. 2b ) resulted in an additional decrease in PE and a detectable increase in St. At the same time, in the minor membrane lipids, a decrease in PI, LPE and PS and an increase in SL at 3 h HS were detected.
The predominant membrane lipids in M. thermophila under growth at optimal conditions were PE, PC, CL, PA and St. At the trophophase stage, a decrease in PC and PE and an increase in PA were observed, and the composition of membrane lipids was changed slightly (Fig. 3a) . In M. thermophila after 1 h of HS only a decrease in PC was detected (Fig. 3b) . But 3 h HS resulted, as in R. tauricus, in a decrease of the proportions of PC and PE, and in a detectable increase in PA and St. In the minor lipids, a decrease in PI and LPE and an increase in SL were observed at 3 h. Therefore, the response of both fungi to HS included an increase in the proportion of two components, PA and St, which was in agreement with our previous data from R. miehei (Yanutsevich et al., 2014) .
It must be emphasized that the higher proportion of PA (20-35 % of the total) in membrane lipids reflected a general pattern for the studied thermophilic fungi. Importantly, in this study we used a method of lipid extraction, using 2-propanol, which inhibits the action of phospholipases were grown in submerged culture at the optimum temperature for 22-24 h. To study the HS effect, cultivation was continued for 3 h at 51-53 C (variant HS3). The control variants (C3) were incubated for the same time under optimum temperature conditions. In R. tauricus under HS (HS3), the colony core (CC) became denser (b), with a narrow colony margin (CM) of loose mycelium, than the control variant (a). In M. thermophila under HS, an intensification of hyphal branching was observed (d), compared with the control variant (c). Yellow arrowheads indicate the point of branching hyphae. Bars, 10 µm. (Nichols, 1963) . This ensured that the observed high level of PA was a feature of thermophilic fungi, rather than the result of degradation of the other phospholipids by lipases during the extraction procedure.
Physical properties of biological membranes depend not only on the relative proportions of phospholipids, but also on the degree of unsaturation of the fatty acids comprising the hydrophobic part of the lipid bilayer. To understand whether HS changes fatty acid unsaturation in fungal membranes, we isolated the major membrane phospholipids PE, PC and PA using TLC. In R. tauricus, the dominant fatty acids of the acyl chains of the PC, PE and PA were palmitic (C 16 : 0 ), stearic (C 18 : 0 ), oleic (C 18 : 1n9c ), linoleic (C 18 : 2n6c ) and linolenic (C 18 : 3n3 ) ( Table 2) . Under control conditions, the largest proportion of fatty acids in all phospholipids was palmitic and oleic acids. After 3 h of HS, we detected a significant increase in the percentage of linolenic acid in PE, which resulted in a noticeable increase in the degree of unsaturation. However, the degree of unsaturation of fatty acids in total lipids and in the PA and PC under HS varied insignificantly. The dominant fatty acids in M. thermophila were the same as in R. tauricus, besides linolenic acid. No appreciable decrease in the degree of unsaturation of fatty acids in total lipids was observed under HS in this fungus (Table 3) . After 3 h of HS, the degree of unsaturation of fatty acids of PE and PA remained unchanged in contrast to the unsaturation decrease in CL (due to the decline of the linoleic acid proportion) and increase in PC (due to the rise of the linoleic acid proportion). This indicates that the changes in fatty acid unsaturation are unlikely to contribute to the HS response in thermophilic fungi.
Soluble cytosol carbohydrates of the fungi under optimum temperature conditions and HS
Membrane-stabilizing cytosolic carbohydrates, such as trehalose, could play a vital role in the fungal HS response. As an example, trehalose synthesis is activated under HS in spore propagules of the thermophilic Chaetomium coprophilum (Jepsen & Jensen, 2004) . In contrast, our experiments 
No growth observed; +, growth of < 30 % fungal colonies; ++, growth of 30-60 % fungal colonies; +++, growth of 60-90 % fungal colonies; + +++, growth of >90 % fungal colonies. with R. meihei demonstrated a decrease in trehalose content after 3 h of HS (Yanutsevich et al., 2014) . We therefore analyzed the soluble cytosolic carbohydrate content in dynamics in R. tauricus and M. thermophila and under optimal and HS conditions.
The soluble cytosol carbohydrates of the mycelium of R. tauricus grown under optimum temperature conditions were trehalose, glucose and mannitol. Investigations of the composition of cytosol carbohydrates during growth at optimum temperature in submerged culture in R. tauricus showed that trehalose was the dominant carbohydrate at all stages of growth; differences were found only in its quantity (Fig. 4a) . In particular, during the germination stage (8 h), trehalose constituted 50 % of the total carbohydrates, and its amount did not exceed 4 % of the dry weight. From the initial trophophase stage (14 h) until the idiophase (52 h), the amount of trehalose fluctuated from 9 to 12 % (w/w), and its proportion in the total soluble carbohydrates increased to 85-95 % of the total. A more significant decrease in trehalose content in response to HS was observed in R. tauricus after 1 h of HS (50 % of the total sugars) (Fig. 4b) . The stability in mannitol and glucose tauricus grown at optimum temperature conditions. The fungus was grown in submerged culture at optimum temperature conditions for 56 h and membrane lipids were determined at 8, 11, 14, 22, 32 and 56 h. PA, apart from PC, PE and St, were the main membrane lipids, whereas CL, PS, PI, LPE and SL were the minor lipids. The decrease in PC and PE and the increase of St was observed under these growth conditions, but the proportion of PA did not change significantly. (b) Membrane lipids of R. tauricus under HS. The fungus was grown in submerged culture at the optimum temperature for 22-24h (the trophophase). To study the HS effect, the cultivation was continued for 1 and 3 h at 51-53 C (variants HS1 and HS3). The control variants were incubated for the same time under optimum temperature conditions (variants C1 and C3). Under HS, the increase in PA and St against the background of the decrease in PC and PE was observed. The insets show the results for PS, PI+LPE and SL with differently scaled axes. levels indicates that the decrease in trehalose amount is not a consequence of a non-specific drop in carbohydrate content induced by the HS treatment.
M. thermophila grown under optimum temperature conditions contained trehalose, glucose, mannitol, arabitol and inositol. During the growth of this fungus, the level of trehalose varied within the range of 8-12 % (w/w), and its proportion in the composition of soluble carbohydrates was 60-80 % of the total (Fig. 5a) . A 1 h exposure to HS at the trophophase stage (22-24 h) in M. thermophila resulted in a slight decrease in the amount of trehalose; an increase in HS duration up to 3 h was accompanied by a significant drop (25-30 %) in the level of this disaccharide (Fig. 5b) . The amount of glucose did not change significantly. The results obtained are in agreement with our previous observations made in experiments with another thermophilic fungi, R. miehei (Yanutsevich et al., 2014) , but they do not agree with data showing a HS-induced trehalose synthesis increase in thermophilic C. coprophilum (Jepsen & Jensen, 2004) .
DISCUSSION
Three hypotheses about the mechanisms of membrane protection under HS were proposed based on earlier studies of the HS response of mesophilic fungi. The first hypothesis, 'homeoviscous adaptation' (Sinensky, 1974) , postulated that the maintenance of membrane viscosity is achieved by altering the degree of unsaturation of the acyl chains of the phospholipids; the second one, the hypothesis of 'homeophasic adaptation' (Hazel, 1995) , gave Fig. 3. (a) Membrane lipids of M. thermophila grown at optimum temperature conditions. The fungus was grown in submerged culture at optimum temperature conditions for 42 h, and membrane lipids were determined at 12, 18, 36 and 42 h. PA, apart from PC, PE, CL and St, were the main membrane lipids, whereas PS, PI, LPE and SL were the minor lipids. At the trophophase stage, a decrease in PC and PE and an increase in PA were observed, and the composition of membrane lipids was changed slightly. (b) Membrane lipids of M. thermophila under HS. The fungus was grown in submerged culture at the optimum temperature for 22-24 h (the trophophase). To study the HS response, cultivation was continued for 1 and 3 h at 51-53 C (variants HS1 and HS3). The control variants were incubated for the same time under optimum temperature conditions (variants C1 and C3). Under HS, the increase in PA and St against a background of the decrease PC and PE was observed. The insets show the results for PS, PI+LPE and SL with differently scaled axes. primary importance to maintaining the balance between the 'bilayer' (with a cylindrical shape of the molecule) and 'non-bilayer' (tapered) lipids; and the third hypothesis is 'stabilization' (Tereshina et al., 2011) . In this model, protection of membranes under HS is achieved by membrane-stabilizing compounds such as trehalose, St and glycolipids. In mesophilic fungi, the activation of the HS response, including the synthesis of HSP, accumulation of trehalose, change of the state of water in the cell compartments, and membrane composition (Piper, 1993) , results in the emergence of new properties -acquired thermotolerance to the lethal HS. Analyzing the changes in the membrane lipid components, we can conclude that, contrary to the 'homeoviscous adaptation' hypothesis (Sinensky, 1974) , no decrease in the degree of unsaturation of the major membrane phospholipid acyl chains occurred under HS conditions. Moreover, our earlier studies demonstrated that in R. miehei, the degree of unsaturation of PC and PE fatty acids markedly increased (Yanutsevich et al., 2014) . This indicates that changes in unsaturation are species-specific and not directly linked to the HS response. A decreased amount of PC after HS resulting in a higher proportion of 'non-bilayer' lipids contradicts Hazel's hypothesis of 'homeophasic adaptation' (Hazel, 1995) , according to which adaptation to thermal effects is due to the maintenance of a certain ratio between the stabilizing lipids, which are cylindrical in shape (PC) and form the bilayer, and the destabilizing ones, which are conical in shape (PE, PA) and form nonbilayer structures.
Both 'homeoviscous' and 'homeophasic' hypotheses do not make a difference between the thermal effects within the tolerance zone and under HS. Comparison of the responses to these two types of effects revealed fundamental differences. It was shown that in the mycelia of mesophilic fungi, the levels of trehalose in the cytosol and of PA in the composition of the membrane lipids increased only in response to HS, but not upon heating within the tolerance zone. These results allowed the authors to propose a new hypothesis (Tereshina et al., 2011) , which links the protection of the membranes under HS to thermoprotecting compounds such as trehalose, St and glycolipids. The study of thermophilic fungi under HS revealed an increase in the relative content of St and PA. A substantial HS-induced decrease in trehalose that is present in large amounts during growth under optimal conditions indicates the existence of a limit in trehalose synthesis capability in filamentous fungi. In contrast, the thermophilic budding yeast Hansenula polymorpha was found to accumulate large amounts of trehalose during a 2 h HS at 47 C and to increase the survival rate of wild-type cells towards the challenging HS (40 min at 56.5 C) more than 1000-fold (Reinders et al., 1999) .
It is noteworthy that the fungi used in our study did not show any 'acquired' thermotolerance as a result of the HS, which was probably due to their inability to further increase the synthesis of trehalose. Thus, the data strongly suggest a Table 3 . relationship between thermophilia and the high level of the thermoprotective disaccharide trehalose, and between acquired thermotolerance and an increased trehalose level. This is consistent with the current hypothesis of the basic function of trehalose as a universal antistress compound with chaperone-like properties with respect to proteins and with stabilizing properties in respect to membranes (Elbein et al., 2003; Crowe, 2007) . The thermoprotective function of trehalose for proteins was first shown in vivo by Singer & Lindquist (1998) in Saccharomyces cerevisiae mutants TRS1, HSP104 and TRS1xHSP104 containing a plasmid with a bacterial temperature-sensitive luciferase gene. Trehalose not only stabilized the proteins during the thermal shock, but also prevented the aggregation of proteins, maintaining them in a semi-folded state from which they could be reactivated by molecular chaperones; i.e. it partially fulfilled the chaperone function.
It was of interest to compare the results obtained from thermophilic fungi under HS conditions with those for mesophiles. The investigation of the response to HS in three mesophilic fungi of different systematic positions (Aspergillus niger, Pleurotus ostreatus and Cunninghamella japonica) revealed changes common for both mesophiles and thermophiles -an increase in trehalose and PA against a decrease in PC and PE, as well as more specific changes in the relative amounts of SL and St (Tereshina et al., 2011) . Our data are in agreement with the results previously obtained for R. miehei (Yanutsevich et al., 2014) indicating conservative features in the HS response in thermophilic fungi. Similar to mesophiles, we did not observe any decrease in the degree of fatty acid unsaturation for the membrane phospholipids under HS. A completely different pattern was observed in the composition of the cytosol carbohydrates. Unlike mesophiles containing trace amounts of trehalose under optimal conditions, the cells of the thermophilic fungi under the same conditions already contained high levels of trehalose (8-18 % of the dry weight) at the early stages of growth. However, in response to HS in the mesophilic fungus A. niger, the trehalose level was sharply increased and maintained at 6 % over a 6 h HS (Tereshina et al., 2010) . In contrast, HS in thermophilic fungi caused a marked decrease in the level of trehalose. Thus, the composition of the membrane lipids under the influence of HS in mesophilic and thermophilic fungi exhibited similar changes, whereas the changes in the composition of the cytosol carbohydrates were fundamentally different. Unlike mesophiles, for which an increase in trehalose content is typical, its decline occurred in thermophiles, which was accompanied by an inability of the fungi to acquire thermotolerance.
The question of the role of PA in thermophiles has been debated for many years. The suggestion about the special role of this compound was based on the results of research on the thermophilic fungus H. grisea var. thermoidea, in which the PA proportion reached 35 % of the total phospholipids (Mumma et al., 1971) . However, subsequent studies did not confirm such a feature for thermophilic fungi. Four thermophilic fungi -T. lanuginosus (syn. The soluble cytosol carbohydrates of R. tauricus grown at optimum temperature conditions. The fungus was grown in submerged culture at optimum temperature conditions for 56 h and soluble carbohydrates were determined at 8, 11, 14, 22, 32 and 56 h. Trehalose was the main sugar in the mycelium at all growth stages. The proportion of trehalose composed 50-80 % of the total, and its amount maintained 10-11 % (w/w) at the trophophase and idiophase. (b) The soluble cytosol carbohydrates of R. tauricus under HS. The fungus was grown in submerged culture at the optimum temperature for 22-24 h (the trophophase). To study the HS effect, cultivation was continued for 1 and 3 h at 51-53 C (variants HS1 and HS3). The control variants were incubated for the same time under optimum temperature conditions (variants C1 and C3). Under HS in R. tauricus, a sharp decrease in trehalose level (50-80 % of the total) was observed.
Humicola lanuginosa), Thermoascus aurantiacus, Malbranchea pulchella var. sulfurea and Lichteimia ramosa (syn. Absidia ramosa) -had PA up to 6 % of the total (Raju et al., 1976) , while M. thermophila had trace amounts of PA (Sadovova & Feofilova, 1989) . However, all these studies were carried out using 1D TLC, which could lead to errors in phospholipid identification. As in our previous paper studying R. miehei (Yanutsevich et al., 2014) , in the present study, using 2D TLC for lipid analysis, we have convincingly shown that PA are a major component of the membrane lipids under optimal conditions in the dynamics of growth and under HS. Given that this increase in PA was observed in three mesophilic fungi under prolonged HS (Tereshina et al., 2011) , we can state that PA performs an important function in mesophiles under conditions of HS and in thermophiles under normal conditions. The most likely function of PA under HS is its involvement in the processes of endocytosis and exocytosis due to the ability to form microdomains and its participation in the formation of membrane curvatures (Kooijman et al., 2003; McMahon & Gallop, 2005) . The high proportion of conical PA in the membrane of thermophilic fungi changes the balance between 'bilayer' and 'nonbilayer' phospholipids and can cause the organization of hexagonal (HII) phases. There is an opinion that such non-lamellar propensity helps to increase the binding of heterotrimeric G proteins, protein kinase C, phospholipases and many other proteins (Vigh et al., 2005) .
Our study focused on lipid and carbohydrate analyses. However, changes in protein state and content (e.g. HSP induction) are a general feature of the HS response in all species, including fungi (Vigh et al., 2005; Daugaard et al., 2007; Panaretou & Zhai, 2008) . How these changes correlate with those of lipids and sugars and what type of causative links exist between these types of adaptation remains to be understood.
In summary, the present study demonstrates the differences in the HS response in thermophilic fungi compared to mesophilic fungi. In thermophiles, in contrast to mesophiles, under optimum temperature conditions, high levels of trehalose are present at all stages of growth, while a decrease in trehalose level was observed in response to HS, which may be attributed to the lack of acquired thermotolerance. The changes in the membrane lipids under HS in thermophiles and mesophiles were similar, and could be characterized by an increase in the relative content of PA and St. HS induced no specific changes in fatty acid unsaturation. This HS response pattern is conserved for all the investigated filamentous thermophilic fungi. Thus, thermophilic fungi, unlike mesophilic ones, do not have mechanisms of protection against HS and do not acquire thermotolerance after being exposed to HS. This determines low limits of the fungal thermophily (up to 60 C) (Wharton, 2002) . The fungus was grown in submerged culture at the optimum temperature for 22-24 h (the trophophase). To study the HS effect, cultivation was continued for 1 and 3 h at 51-53 C (variants HS1 and HS3). The control variants were incubated for the same time under optimum temperature conditions (variants C1 and C3). Under two variants of HS longevity, a decrease in trehalose was observed.
